The surfaces of 5083 aluminum alloy were coated with chromate conversion coatings. Then epoxy paints were applied to the chromate and nonchromate treatment surfaces. The adhesion, hardness, and corrosion resistance of the coated samples were evaluated by using adhesion tape tests, pencil hardness tests, salt spray, and electrochemical technique. The results indicated that the adhesion of coating systems (including chromate treatment) was better than the adhesion of nonchromate conversion coatings, whereas the hardness of the coating systems was identical. The salt-spray results showed that the corrosion propagation from the scratched area in the painted samples with chromate treatment was lower than for the nonchromate coated surfaces. In addition, the electrochemical corrosion measurements indicated that the coating system including chromate treatment presented lower corrosion current densities, higher polarization resistance, and less negative corrosion potential than the corresponding values obtained for the nonchromate conversion coated surfaces.
Aluminum-magnesium alloys of the 5xxx series are commonly used in marine applications where low density, favorable mechanical properties, and relatively good corrosion resistance are desired [1, 2] . The electrochemical behavior of Al and its alloys attracts the attention of numerous researchers. However, natural oxide films on aluminum alloys do not offer sufficient protection against aggressive anions in seawater environments, such as chloride ions, leading to the formation of localized corrosion on the aluminum surface [2, 3] . The procedure of protection by organic coatings is predominant among various surface-protection methods due to their performance, commercial feasibility, and simple application [4] . However, the formation of adhesive and lasting organic coatings on aluminum alloys depends on the surface pretreatment prior to painting. Chromate conversion coatings (CCCs) prove to be highly efficient methods for the surface pretreatment of aluminum alloys intended for service in corrosive environments [5, 6] . Despite their toxicity, the CCCs provide further advantages, such as low cost, good paint adhesion, and quick and easy application [7, 8] . Another important aspect of CCCs is the dynamic repair of defects on coated metals, which is called the self-healing effect. Self-healing appears with a storage of soluble Cr(VI) species located in the outer layer of mainly Cr(III) hydrated oxide/hydroxide coatings. Upon contact with an electrolyte, labile Cr(VI) is released into the solution and transported to damaged areas, where it is reduced and precipitates to form an insoluble Cr(III) hydroxide barrier [9, 10] . However, the main attractions of chromate conversion coatings in industrial applications are the improvement of paint adhesion on Al alloys and the self-healing effect in the scratched area exposed to corrosive environments. The effect of chromate conversion coatings on the adhesion and corrosion resistance of painted 5083 aluminum alloy is investigated in the present work. 
Experimental
The specimens of 5083 aluminum alloy (20 × 10 cm) with composition: 4-4.9% Mg, 0.4-1% Mn, 0.05-0.25% Cr, 0.4% Si, 0.4% Fe, 0.1% Cu, 0.25% Zn, and 0.15% Ti were used as the substrate material for the current study. The specimens were degreased by wiping with a paper towel wetted with acetone, rinsed in deionized water, alkaline pickled for 30 sec in NaOH (12.5 N) at 70°C, rinsed, acid pickled for 60 sec in 50% HNO 3 at 30°C, rinsed, dried, and stored in an inert grease-free atmosphere for at least 24 h. Some of these specimens were chromate conversion coated and the others were the not chromate coated.
For the chromate treatment, the specimens were immersed in a chromate bath: 64 g/liter H 3 PO 4 , 10 g/liter CrO 3 , and 5 g/liter NaF, pH 1.5, T = 30°C, for 2 min. After this, they were rinsed with deionized water and dried at room temperature.
After proper preparation of the surface, epoxy paints (HB epoxy primer, MIL-P-24441/1, with a thickness of 50 μm and HB epoxy finish, MIL-P-24441/2, with a thickness of 153 μm) were deposited on the chromate (2 μm in thickness) and nonchromate treated samples by a brush method.
The adhesion of coating systems (prior to and after salt-spray tests) was measured according to the ASTM D3359 standard (Tape test). The hardness of the coatings was measured according to the ASTM D3363 by using a pencil design (from 6B to 6H). This method is one of the simplest procedures aimed at measuring the hardness of the coatings.
The salt-spray tests were conducted on coated specimens according to the ASTM B117 standard. For these tests, the coated specimens were diagonally scratched ( Fig. 1 ) and held in a salt-spray fog chamber containing a 5 wt.% sodium chloride solution at 35°C for a period of 30 days. A 5% sodium chloride solution was sprayed by using a compressor with a pressure of 10-25 psi. The observation of the coated specimens was realized periodically. The purpose of these tests was to measure the corrosion propagation and determine the blistering of the coating around the scratched area on the painted samples.
The electrochemical corrosion measurements were carried out in a 3.5 wt.% aqueous solution of sodium chloride. A conventional three-electrode electrochemical cell was applied. In this cell, a SCE was used as the reference electrode, a platinum foil was used as the counter electrode, and the coated and uncoated (nonscratched) surfaces of 5083 aluminum alloy played the role of the working electrodes with exposed areas of 1.0 cm 2 . The electrolyte solution was not stirred or aerated. The Tafel plots were generated by scanning the value of potential from E corr to ± 250 mV. The scans were started at 250 mV vs. the SCE with a sweep rate of 5 mV/sec. The corrosion current (I corr ) was determined by superimposing a straight line along the linear part of cathodic or anodic curve and its extrapolation through E corr . 
Results and Discussion
In Table 1 , we present the results of adhesion tape tests. By comparing these results, we can see that the adhesion of the paint for chromated surfaces is better than for nonchromated. Thus, the role of the surface pretreatment for the adhesion of the coatings on the aluminum alloy is determined. The surface of aluminum is flat and, hence, it cannot adsorb and keep the paints. The application of chromate conversion coatings generate microvoids on the aluminum surfaces. These microvoids act as capillary tubes and paint penetrates into these voids and traps. Hence, the chromate conversion coatings have capillaries and microcavities, which provide mechanical interlocking. As a result, the adhesion mechanism of paints in the presence of chromate conversion coatings could be explained by the phenomena of mechanical locking.
The hardness of coating depends on the kinds of top-coat resin. In two coating systems, the top coats were equal and, therefore, two coating systems showed identical hardness. The hardness of the coatings does not depend on the surface pretreatment prior to painting.
The results of the salt spray tests are shown in Table 2 . The most effective properties of organic coating systems were the resistance to penetration of corrosive agents and corrosion propagation.
According to the results of salt-spray tests (Fig. 2) , the length of corrosion propagation (l corr ) from the scratched area into the coating systems (including the chromate treatment) is lower than for the nonchromate coatings. This phenomenon can be explained by the self-healing effect of chromate treatment. The hexavalent Cr particles in the chromate coatings dissolve due to the delivery of moisture. Then these particles migrate to the scratched area and repair the injury [9, 10] . As a result, the propagation of corrosion reduces or stops. Furthermore, in the case of nonchromate treatment, the phenomenon of blistering is observed around the scratched area, which is 5 mm in diameter. This phenomenon occurs due to the weak adhesion of coating and the presence of moisture, which easily penetrates under the coating and causes blistering. Thus, the chromating treatments have several objectives for the painted surfaces:
(1) to act as a barrier layer providing corrosion protection; (2) to improve the adhesion between the organic coating and the metal surface so that it avoids undercoat corrosion in the case of application prior to the organic coating, and (3) the self-healing effect.
In Table 3 , we present the results of electrochemical corrosion measurements. The application of coatings to the surface of 5083 aluminum alloy decreases the value of I corr . The maximum values of polarization resistance are attained for the coatings including chromate treatment and decrease for the uncoated surfaces. These results demonstrate that the coatings containing the chromate layer protect aluminum better than the coatings with nonchromate layers.
